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SUMMARY 
A direct-connect duct invest igat ion was conducted with a one- 
quarter  segment of a 29-inch-diameter annular combustor which had been 
previously developed f o r  l i qu id  f u e l  injection. This combustor w a s  
modified by changing the  f u e l  i n j ec to r s  and t h e  l i n e r  design f o r  vapor 
f u e l  in jec t ion .  A t o t a l  of 11 f u e l  inject ion schemes and 2 l i n e r  air-  
en t ry  hole pa t t e rns  were invest igated as well as a l i n e r  designed for 
l o w  pressure drop. Values quoted subsequently f o r  simulated f l i g h t  
performance r e f e r  t o  operation of t h e  combustor i n  a t )F ica l  5 .2  pres-  
sure r a t i o  tu rbo je t  a t  a f l i g h t  Mach number of 0.6. 
2 
The combustor giving highest  combustion e f f i c i enc ie s  (model 141) 
produced e f f i c i enc ie s  above 98 percent a t  a l t i t u d e s  up t o  61,000 feet  
a t  c ru ise  (85 percent ra ted)  engine speed. Increasing the  a i r  flow rate 
through t h i s  combustor t o  a value 69 percent above current  design prac- 
t i c e  r e su l t ed  i n  no appreciable e f f e c t  on combustion e f f ic iency  a t  
56,000 f e e t  a t  c ru i se  speed. However, the o u t l e t  temperature p r o f i l e  
f o r  t h i s  combustor w a s  unsatisfactory,  and the  pressure drop through the  
combustor w a s  approximately twice as great  as f o r  many production-model 
conbustors. 
The combustor designed f o r  low pressure drop (model 151) gave a 
pressure drop only 60 percent of t h a t  f o r  model 141, but t he  combustion 
e f f ic iency  of t h i s  combustor w a s  low. The da ta  ind ica te  t h a t  combustion 
e f f ic iency  could be improved by a l i n e r  design change t o  increase the  
amount of a i r  entering the  primary combustion zone. 
INTRODUCTION 
A general  research program i s  i n  progress a t  t he  NACA L e w i s  lab-  
oratory t o  determine design c r i t e r i a  for turbojet  combustors. 
object ive of t h i s  general  program i s  the  development of combustors t h a t  
operate e f f i c i e n t l y  a t  lower pressures and a t  higher air flow rates, as 
One 
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pointed out i n  reference 1. 
reference 1 operated w i t h  a higher coabustion e f f ic iency  a t  severe con- 
d i t ions  when using vapor f u e l  than when using l i qu id  f u e l  desp i te  the 
f a c t  that the combustor was  o r ig ina l ly  developed t o  obtain high perform- 
ance w i t h  l i qu id  f u e l .  No  attempt w a s  made i n  reference 1 t o  optimize 
the combustor design f o r  handling vapor fue l .  
The experimental combustor described i n  
The research reported herein i s  a continuation of the  work of ref-  
erence 1. The f i r s t  object ive of the  research vas t o  improve the  com- 
bustor of reference 1 t o  obta in  higher combustion e f f i c i enc ie s  with 
vapor f u e l .  The second object ive was t o  reduce the  combustor pressure 
loss ,  s ince the  total-pressure loss  through the  combustor of reference 1 
was approximately twice as high as t h e  pressure losses  obtained w i t h  
several  production model combustors. 
A direct-connect duct inves t iga t ion  w a s  conducted w i t h  a one- 
1 quarter segment of a 25Z-inch-diameter annular tu rboJe t  combustor using 
vapor f u e l .  The data obtained w i t h  vapor f u e l  a r e  bel ieved t o  be rep- 
resentat ive of the performance t o  be expected when a f u e l  vaporizer i s  
incorporated i n t o  the combustor. 
was i d e n t i c a l  w i t h  the conibustor of reference 1. The f u e l  i n j ec to r s  
and t h e  a i r - en t ry  holes i n  t h e  combustor l i n e r  were a l t e r e d  so  that  the  
combustor was bet ter  adapted f o r  operation with vapor f u e l .  A t o t a l  of 
11 f u e l  i n j ec t ion  schemes and 2 a i r - en t ry  hole pa t te rns  w e r e  invest igated.  
A new conibustor l i n e r  designed f o r  low pressure drop w a s  a l s o  included 
i n  t h i s  invest igat ion.  
The i n i t i a l  combustor configuration 
The operating conditions invest igated included low pressure condi- 
t ions t y p i c a l  of high-alt i tude,  reduced-throt t le  f l i g h t  and a i r  flow 
ra t e s  per unit combustor f r o n t a l  area which a r e  t y p i c a l  of current  
engine design prac t ice  and 69 percent above current  prac t ice .*  The data  
presented include combustion e f f i c i enc ie s ,  pressure losses ,  and 
combustor-outlet temperature p r o f i l e s  over a range of f u e l - a i r  r a t i o s .  
The performance data  are compared w i t h  similar data  f o r  t he  combustor 
of reference 1. 
APPARATUS 
I n s t a l l a t i o n  and Instrumentation 
The combustor i n s t a l l a t i o n  and instrumentation were i d e n t i c a l  w i t h  
those of reference 1. A diagram of the  combustor i n s t a l l a t i o n  i s  shown i n  
f igure  1. The combustor-inlet and combustor-outlet ducts were connected 
t o  the laboratory a i r  supply and low-pressure exhaust systems, respec- 
t ive ly .  
remote-controlled valves  located upstream and downstream of the  combustor. 
The combustor i n l e t - a i r  temperature w a s  control led by an e l e c t r i c  heater. 
A i r  flow r a t e s  and combustor pressures  were regulated by 
NACA 
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A i r  flow was  metered by  a concentric-hole, sharp-edge o r i f i c e  
i n s t a l l e d  according t o  A.S.M.E. specifications.  The vapor f u e l  flow 
r a t e  w a s  metered by a ca l ibra ted  sharp-edge or i f ice .  Thermocouples and 
pressure tubes were located a t  the  combustor-inlet and -out le t  planes 
indicated i n  f i g u r e  1. The nimber, type, and pos i t ion  of these  in s t ru -  
ments a t  each of t he  planes are indicated i n  f i g u r e  2 .  
o a t l e t  thermocouples were located a t  centers of equal areas i n  t h e  duct. 
Pressure t & e s  were coililzctzd tc! absolute manometers; thermocouples, t o  
a recording potentiometer. 
The combustor- 
The f u e l  used i n  t h i s  invest igat ion was v&porlze6 Cmmercial propane 
from the laboratory d i s t r ibu t ion  system. 
Comb us t o r s  
Each combustor w a s  designed t o  f i t  into the  same combustor housing, 
- - -  ,.,;,ich zonristed of a 1/4 segment of a single-annulus combustor having an  
outs ide diameter of 25$ inches, an inside diameter of l& inches, and a 
length from f u e l  atomizers t o  combustor-outlet thermocouples of approxi- 
mately 2 3  inches. 
105 square inches (corresponding t o  420 sq i n .  f o r  the complete 
combustor). 
8 
The maximum conibustor cross-sect ional  area was 
A t o t a l  of t h ree  combustor l i n e r s  was invest igated.  The f i r s t  of 
these  l i ne r s ,  model 13, was  i den t i ca l  w i t h  the combustor of reference 1. 
A cutaway view of t h e  model 13 l i n e r  i n s t a l l ed  i n  the  coIIlbustor housing 
i s  presented i n  f i g u r e  3; f igu re  4 shows a longi tudinal  cross-sect ional  
view of t h i s  l i ne r ;  and f igu re  5 shows the arrangement of t he  a i r - en t ry  
hcles io  the  l i n e r .  
The model 14 l i n e r  r e su l t ed  from design xodif icat ions t o  better 
adapt the combustor f o r  handling vapor f u e l .  
f e r ed  from t h e  model 13 l i n e r  i n  two important respects :  
en t ry  holes a t  the upstream end of the l iner  were larger ;  and ( 2 )  the  
r ad ia t ion  shield,  which pro tec ts  t he  f u e l  i n j e c t o r s  from flame radiat ion,  
w a s  perforated t o  admit a i r  i n t o  the  combustion zone i n  an a x i a l  
d i rec t ion .  
This l i n e r  ( f i g .  6) d i f -  
(1) the  air-  
The d e t a i l s  of the model 15 l i n e r ,  which was  designed t o  give low 
pressure drop, are presented i n  f igure  7. The w a l l s  of the l i n e r  did 
not  diverge as did those of models 14 and 15. The a i r - en t ry  holes i n  
t h e  walls of t he  model 15 l i n e r  were ident ica l  with those i n  model 13. 
The f u e l  i n j ec to r s  were located i n  a manifold a t  the  upstream end 
of the  combustor and in jec ted  f u e l  i n  the downstream di rec t ion .  
the coxbus%ors reported herein u t i l i z e d  10 f u e l  in jec tors ,  while others  
Some of 
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A 15 268 2.14 
C 5 268 .714 
E 15 268 3.62 
B 8 2 68 1.14 
u t i l i zed  only 5 f u e l  i n j ec to r s .  
10 f u e l  in jec tors ,  a dual manifold ( s h m  i n  f i g .  8) w a s  used. 
various f u e l  in jec tors  which were used i n  t h i s  inves t iga t ion  a r e  s h a m  
i n  f i gu re  9.  
d i s t r ibu t ion  pa t te rns .  
To permit operation with e i t h e r  5 o r  
The 
These f u e l  i n j ec to r s  were designed t o  produce various f u e l  
A t o t a l  of 11 f u e l  i n j ec to r  configurations and 3 combustor l i n e r  
configurations w a s  investigated; these are tabulated and described i n  
table  I. Each combustor i s  given a numerical designation t o  ind ica te  
the l i n e r  configuration (13, 14 ,  o r  15 )  followed by a l e t t e r  designa- 
t i o n  t o  ind ica te  the  f u e l  i n j ec to r  design. 
PROCEDURE 
Combustion e f f ic iency  and combustor to ta l -pressure  loss data  were 
recorded f o r  a range of f u e l - a i r  r a t i o s  a t  t h e  following conditions:  
in .  Hg abs lb/(  sec) (sq ft)  
Simulated f l i g h t  
a l t i t u d e  i n  ref-  






These conditions simulate operation of t he  combustor i n  a reference 
turboje t  engine which i s  a t y p i c a l  5.2 pressure r a t i o  tu rbo je t  operating 
a t  a Mach number of 0.6. The c ru ise  speed of the  engine is assumed t o  
be 85 percent of t he  r a t ed  ro to r  speed. 
require a i r  flow r a t e s  per  un i t  combustor f r o n t a l  area which are typ ica l  
of current t u rbo je t  engines. T e s t  condition E requi res  an a i r  flow rate 
which is  69 percent above current  prac t ice .  
T e s t  conditions A through C 
Combustion e f f ic iency  w a s  computed as the  percentage r a t i o  of ac tua l  
t o  theore t ica l  increase i n  enthalpy from t h e  combustor-inlet t o  t h e  
combustor-outlet instrumentation planes using the  method of reference 2. 
For calculat ion of combustor-outlet enthalpy, t he  temperature was  computed 
as the ar i thmetic  mean of t h e  30 o u t l e t  thermocouple indicat ions f o r  most 
of the da t a  presented herein.  
average combustor-outlet temperature w a s  computed from t h e  r e l a t i o n  
For a limited nmiber of data points  t he  
-30 > 5% n= 1 
n=30 
n=l = m ,  
am m m m  m m m  .am maam a m m  m a m a  m m m  . m a  a .  m m  
ma em m m m  m m m  
m a .  m m  o m  
em m m m  ma. m e o m  om. 
m a  am 
m a m a .  a .  
o m a m .  
m a  m a  
m .  
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model 13A combustor a t  t e s t  conditions B and C. The da ta  from refer- 
ence 1 show values of combustion eff ic iency obtained p r i o r  t o  t h e  begin- 
ning of t h e  invest igat ion reported herein. Combustion e f f i c i enc ie s  
obtained i n  check tests with t h i s  same combustor near the conclusion of 
t h e  inves t iga t ion  reported herein a r e  also shown i n  the  f igure .  
combustion e f f i c i enc ie s  obtained near the conclusion of t h i s  invest iga-  
The 
which allows f o r  differences i n  mass flow a t  t he  various thermocouple 
locat ions.  I n  t h i s  equation, Tav i s  the  average o u t l e t  temperature, 
Tn 
thermocouples, and mn i s  the  mass flow ra te  through the  por t ion  of the 
duct i n  which t h i s  thermocouple i s  located. No correct ions were made 
f o r  r ad ia t ion  or ve loc i ty  e f f ec t s  on the  thermocouple indicat ions.  
i s  the  temperature indicat ion of a single one of t he  30 o u t l e t  
Combustor i * e f ~ r ~ ~ ~ e  velocities were compated f r o n  t h e  a i r  mass flow 
rate, the  combustor-inlet density, and the maximum combustor cross-  
~ e c t i n n a l  area (105 sq  in . ) .  
t he  dimensionless r a t i o  of the  total-pressure loss  t o  t he  cmbustor  r e f -  
erence dynamic pressure.  The r a d i a l  d i s t r ibu t ion  of temperatures a t  the 
cornbustor o u t l e t  w a s  determined a t  each t e s t  condition invest igated and 
a t  two values of combustor temperature r i s e  (approximately 680° and 
1180' F, t he  required values a t  85 and 100 percent r a t ed  speed i n  the  
reference tu rbo je t  engine a t  a l t i t u d e s  above the  tropopause). The t e m -  
perature  a t  each of t he  f i v e  r a d i a l  posit ions w a s  computed as t h e  aver- 
,324 n f  four thermocouple readings a t  that r a d i a l  pos i t ion  (see f i g .  2 ( b ) ) .  
The temperature rake a t  each siae w a l l  of the cozkust.r?r vas Dot included 
i n  these  average temperatures s ince the  side w a l l s  exerted an  influence 
on the  flow pa t t e rn  and the  temperature p ro f i l e  which would not  be 
obtained i n  a f u l l  combustor annulus. 
The total-pressure loss  w a s  computed a s  
F3SULTS AND DISCUSSION 
The experimental data  obtained i n  the direct-connect duct inves t i -  
gat ion of a one-quarter segment of a 252-inch 1 annular t u rbo je t  combustor 
with various f u e l  in jec tors  and l i n e r  configurations are presented i n  
table 11. 
Accuracy and Reproducibility 
Figure 11 compares the  r a d i a l  d i s t r ibu t ion  of o u t l e t  temperatures 
obtained with the  model 13A combustor i n  reference 1 and i n  the  check 
t e s t s  with t h i s  same combustor near the  conclusion of t h i s  invest igat ion.  
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The combustor-outlet temperature p r o f i l e s  obtained i n  t h i s  inves t iga t ion  
were more uneven than those obtained i n  reference 1. Progressive warp- 
ing of t he  l i n e r  i s  believed t o  have caused t h i s  e f f e c t .  
experience has shown tha t  as the  o u t l e t  temperature d i s t r i b u t i o n  becomes 
more uneven, t he  mass flow per  un i t  area a l s o  becomes more uneven, w i t h  
the mass flow per unit area varying inverse ly  as t h e  vall i ,  of tempera- 
ture .  Th i s  means t h a t  an average combustor-outlet temperature computed 
from the  ar i thmetic  mean of the  various thermocouple indicat ions would 
be erroneously high i n  those cases where the  temperature p r o f i l e  w a s  
very uneven. Consequently, the  combustion e f f i c i enc ie s  of reference 1 
a r e  believed t o  be reasonably accurate; whereas those obtained near the  
conclusion of the  inves t iga t ion  a r e  bel ieved t o  be high because of t he  
nonuniform o u t l e t  temperature p r o f i l e s  . 
Previous 
A t  a l imited number of t es t  conditions, total-pressure tubes were 
in s t a l l ed  a t  the  combustor o u t l e t  t o  measure the  r a d i a l  d i s t r ibu t ion  of 
mass flow across the  combustor ou t l e t ,  and appropriate correct ions were 
made t o  the  thermocouple indicat ions t o  allow f o r  var ia t ions  i n  mass 
flow by each thermocouple. 
these corrected values of o u t l e t  temperature were lower than those com- 
puted from the  temperatures based on the  simple ar i thmetic  mean of t he  
thermocouple indicat ions.  
combustion e f f i c i enc ie s  computed by  these two methods for combustor 141: 
The combustion e f f i c i enc ie s  computed from 
The following t a b l e  shows a comparison of 
condi - 




f o r  flow 





The combustion e f f i c i enc ie s  reported here in  are values which have 
not  been corrected f o r  mass-f low d i s t r i b u t i o n  except where otherwise 
noted; these uncorrected combustion e f f i c i enc ie s  cannot be considered 
accurate, inasmuch as they may be too  high by as much as 2.0 t o  8 per- 
cent  a t  the  various tes t  conditions. The values a r e  nevertheless s ig -  
n i f ican t  kince they  show the r e l a t i v e  performance of various combustor 
designs, p a r t i c u l a r l y  f o r  designs invest igated near the same time during 
the  program. 
Combustion Efficiency 
Effect of f u e l  i n j ec to r s .  - Values of combustion e f f ic iency  obtained 
with the model 13 combustor and various f u e l  i n j ec to r s  a t  t e s t  condition C 
a. 0.. .a. ..a ..a. .a. ..a. .a. . a .  a .  a .  
a a . a. a. a .a. a .a. a a 
. a .  a .  a .  
a a .  . 0 .  a 
a . . . . a  . a  
a . . . a .  
a a .  
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a r e  shown i n  f igure  12 .  The curves of f igure 1 2  were taken f romthe  
appendix, which presents more de ta i led  eff ic iency data  f o r  these various 
combustors. 
the  performance of these conibustors. This comparison shows t h a t  the  
highest combustion e f f i c i enc ie s  were obtained throughout most of the  
f u e l - a i r  r a t i o  range with combustor 131. 
f u e l  i n j ec to r s ,  each consis t ing of a simple sharp-edge o r i f i c e  ( t a b l e  I) .  
The addi t iona l  data of the  appendix a l so  show conibustor 131 t o  be equal 
t o ,  31 b e t t e r  than, the  v a i o u s  o-t'ner combust.nrs at. +.he other t e s t  2 m -  
d i t ions  invest igated.  Figure 13 shows a comparison of the  combustion 
e f f i c i enc ie s  obtained with the model 131 coxribustor with the  e f f i c i enc ie s  
Sbtaiiied w i t h  tile modei i 3 A  conibustor a t  t e s t  condition C. The data  
presented f o r  the  model 13A combustor are the  data  obtained near t he  
conclusion of t h i s  inves t iga t ion  ( f i g .  10) r a the r  than the da ta  from 
reference 1. The da ta  of f igu re  13 a re  therefore  comparable f o r  the 
two combustors, s ince they were investigated near t he  same time. The 
model 131 conibustor gave e f f i c i enc ie s  3 t o  6 percent above the e f f i -  
c iencies  obtained with model 13A. 
obtained by modifying the f u e l  in jec tors  so t h a t  they were b e t t e r  adapted 
Only the  data  of f igure  1 2  need be considered i n  comparing 
This combustor employed f i v e  
This improvement i n  performance was 
fnr k = = . 4 7  +=,- :ronP.%* I-..-? LAwYuA*IL6 "UpUL I U C L .  
The simple o r i f i c e s  of the model 131 combustor provide much less 
spreading of the  f u e l  than some of  the  other i n j ec to r s  invest igated.  
The higher e f f ic iency  of the model 131 combustor may indicate  that too 
much spreading of the  f u e l  i s  not desirable.  
Ef fec t  of a i r - en t ry  holes. - Combustion e f f i c i enc ie s  obtained with 
t h e  model 141 combustor a re  presented i n  f igure  14. 
model 131 combustor i s  included f o r  comparison. The model 141 combustor 
gave combustion e f f i c i enc ie s  approximately 5 percent above those of the  
model 131 combustor throughout the range of f u e l - a i r  r a t i o s  a t  t e s t  
condition C .  This improvement i n  p e r f o m n c e  i s  the r e s u l t  of revis ing 
the  l i n e r  a i r - en t ry  holes f o r  b e t t e r  operation with vapor f u e l .  Since 
13 and 
14) ,  the  optimum a i r - en t ry  hole pa t t e rn  was not es tabl ished.  
The curve for the  
only 4-v- ~ W U  liiier a i r - en t ry  hole pa t te rns  were invest igated (models 
A rough indicat ion of whether fur ther  improvements i n  e f f ic iency  
might be obtained by addi t iona l  a i r -en t ry  hole modifications was 
obtained by operating the  model 141 combustor with a i r  i n j ec t ion  i n  f i v e  
of the  f u e l  i n j ec to r s .  
entered the  combustor through a l t e r n a t e  fue l  i n j ec to r s .  The t o t a l  flow 
r a t e  f o r  the  a i r  i n j ec t ion  w a s  0.042 pound per  second. With a i r  in jec-  
t i o n  the  model 141 conibustor produced ef f ic ienc ies  approximately 5 per- 
cent above t h e  values obtained i n  model 141 combustor with no air  in jec-  
t i on .  This performance of the  model 141 combustor with air in j ec t ion  
may be ind ica t ive  of the performance which may be obtainable with 
fu r the r  changes i n  the l i n e r  a i r -en t ry  holes. 
During these t e s t s ,  therefore ,  f u e l  and air  
8 
Description of colnbustor 
Combustor developed t o  
give high e f f ic iency  with 
l i qu id  f u e l  
e .  0 .  
e.. .... 0.. 
Model Combustion e f f ic iency  a t  
t e s t  condition C; aT, 680' F 
1% 54" 
. . e  .. . 0.. . ... . 
Same combustor using vapor 
f u e l  in jec ted  through 
l iqu id- fue l  i n j ec to r s  
Since t h e  model 1 3 A  combustor w a s  developed i n  reference 1 t o  give 
high performance w i t h  l i q u i d  fuel ,  the  l i n e r  w a s  near an optimum design 
f o r  l iquid f u e l .  The da ta  obtained w i t h  the  model 141 combustor there-  
f o r e  indicate  t h a t  t he  l i n e r  a i r - en t ry  hole arrangement should be qu i t e  
d i f fe ren t  f o r  vapor f u e l  and f o r  l i q u i d  fue l .  
a greater port ion of the  t o t a l  a i r  should be entered through l i n e r  per-  
forat ions near the upstream end of t he  combustor. 
With vapor f u e l  in jec t ion ,  
13A 
Summary of e f f e c t  of several design var iables .  - The e f f e c t s  of 
some of the more important design var iables  on combustion eff ic iency a r e  
shown i n  the  following table, which compares e f f i c i enc ie s  a t  f ixed  
operating conditions of four d i f f e r e n t  combustors: 
Liner a i r  -entry holes 
adapted f o r  vapor f u e l  
141 89. gb 
Fuel  i n j ec to r s  adapted 




%ata from reference 1. 
bThese values a r e  high by about 3.5 percent.  
Ef fec t  of l i n e r  shape. - Colnbustion e f f i c i enc ie s  obtained w i t h  the 
The curve f o r  t he  model 
The f u e l  in j ec to r s  and 
model 151 combustor are presented i n  f i g u r e  15. 
131 combustor i s  again included f o r  comparison. 
the l i n e r  a i r - en t ry  hole pa t te rns  w e r e  i d e n t i c a l  f o r  these  two combus- 
to r s .  
combustor l i n e r .  
drop through the combustor than d i d  the  model 131 combustor, as w i l l  be  
subsequently discussed. Because of t h e  design changes u t i l i z e d  t o  obtain 
the  lower pressure drop f o r  the model 151 combustor, t he  a i r  flow through 
each of t he  a i r - en t ry  holes i n  the  upstream end of t he  combustor would be 
expected t o  be less than the  flow through these  same holes i n  the model 
131 combustor. It might be expected, therefore ,  that  the primary zone 
of the model 151 combustor would operate fue l - r ich .  
ure 15 ind ica te  th i s  t o  be the  f a c t ,  s ince the  conibustion e f f i c i enc ie s  
obtained with the model 151 combustor are very much lower than t h e  e f f i -  
ciencies obtained with the model 131 combustor, p a r t i c u l a r l y  a t  t h e  
The only difference between these  combustors was the shape of the 
The model 151 combustor produced a much lower pressure 
The data of f i g -  
higher f u e l - a i r  r a t i o s .  The marked decrease i n  combustion e f f i c i ency  
accompanying an increase i n  f u e l - a i r  r a t i o ,  which is  noted f o r  the  model 
151 combustor, is  believed typ ica l  of combustors which have a primary 
zone designed t o  operate fue l - r i ch .  
F r m  the foregoirg coosideraticns it would be expected tha t  the 
T h i s  was accomplished by a i r  in j ec t ion  through 
ef f ic iency  of the  model 151 combustor can be improved by addi t iona l  a i r  
i n  the  primary zone. 
>jE +-he f.L&J cczz les ,  mrrr -4.8. . ? T l ; n n + 4 r r n  no+-” w v  ulvl l  uby were invest igated i.~i+.h 
the  higher i n j ec t ion  r a t e  producing the  highest e f f i c i enc ie s  ( f i g .  15). 
With the  higher r a t e  of a i r  i n j ec t ion  the  combustion e f f i c i enc ie s  
obtained with the  model 151 combustor were only about 6 percent below 
those obtained with the model 131 combustor a t  the s ing le  high value of 
f u e l - a i r  r a t i o  investigated.  These r e su l t s  ind ica te  t h a t  subs t an t i a l  
improvements i n  combustion e f f ic iency  of the model 151 combustor may be 
effected by changing the  design of the a i r -en t ry  holes i n  the  combustor 
l i n e r .  
? ’.-”- 
Correlat ion of combustion eff ic iency on model 141 combustor. - The 
- 
combustion e f f i c i enc ie s  of the model 141 combustor, which gave the 
highest  e f f i c i enc ie s  of the  various combustors investigated,  a r e  p l o t t e d  
i n  f igu re  16 as a function of the cumbustion parameter 
A s imi la r  cor re la t ion  curve f o r  t h e  model13A combustor from reference 1 
i s  included for comparison. The t a i l e d  symbols i n  f igu re  16 ind ica te  
data  corrected f o r  flow dis t r ibu t ion .  The curve i s  drawn through the  
corrected data  points  f o r  the  standard velocity conditions ( t e s t  condi- 
t i ons  A and C ) .  A s  previously mentioned, the data  of reference 1 a r e  
believed t o  be correct ,  so  the curves f o r  the two combustors a r e  com- 
parable.  The cor re la t ion  i s  presented for  a s ing le  value of combustor 
temperature r i s e ,  680° F, which i s  the  value of temperature r i s e  required 
f o r  operation a t  85 percent ra ted  speed a t  a l t i t u d e s  above t h e  tropo- 
pause. T h i s  value of required temperature r i s e  was obtained from engine 
per fonance  ciuves which were ext.rapolated t o  the  higher a l t i t u d e  con- 
d i t i o n s  by assuming constant e f f i c i enc ie s  of engine components other  
than the  combustor. 
Vr/piTi ( r e f .  3).  
The comparison i n  f igure  16 shows that  model 141 combustor pro- 
duced combustion e f f i c i enc ie s  as much as 9 percent above those obtained 
with the model 13 combustor a t  severe operating conditions. 
Estimated f l i g h t  performance. - Figure 1 7  presents the estimated 
combustion e f f ic iency  (corrected values) of the  model 141 combustor a t  
various f l i g h t  conditions i n  the  reference tu rbo je t  engine; these 
curves were obtained by using the  data  of f igu re  16. For each value of 
combustion efficiency, the value of the  conibustion parameter was read 
f r o m t h e  curve of f igure  16. The f l i g h t  a l t i t ude  and engine speed pro- 
ducing each of these values of the combustion pasameter were next de te r -  
mined from the  engine performance curves for  the  reference engine. 
These f l i g h t  a l t i t u d e s  and engine speeds were then  p lo t t ed  t o  give the 
constant-efficiency l i n e s  of f igure  17. 
The curves of f igure  1 7  are limited t o  the  range of engine speeds 
f r o m  80 t o  100 percent r a t ed  speed. 
required combustor temperature r i s e  varied from 550' t o  1180' F and the  
combustion eff ic iency varied l e s s  than 3 percent f o r  t h i s  range of com- 
bustor temperature r i s e .  The use of f i gu re  16, which w a s  derived f o r  a 
single value (680° F) of temperature rise, is  therefore  v a l i d  f o r  t h i s  
l imited range of engine speed. 
For t h i s  range of engine speeds the  
The two da ta  points  i n  f igu re  1 7  a t  85 percent rated speed rep- 
resent ac tua l  experimental da ta  f o r  t he  t es t  conditions s a u l a t i n g  
f l i g h t  operation a t  the  conditions indicated on the  figure. The combus- 
t i on  e f f i c i enc ie s  l isted beside each of these  two da ta  points  match w e l l  
w i t h  t he  values expected from in te rpola t ion  between the  curves of f i g -  
ure 1 7 .  The curves of f igu re  1 7  show t h a t  t he  model 141 combustor 
operated a t  e f f i c i enc ie s  above 98 percent up t o  a simulated a l t i t u d e  of 
61,000 f e e t  a t  c ru ise  (85 percent ra ted)  engine speed. 
High air flow r a t e s .  - Figure 18 shows values of combustion e f f i -  
ciency obtained with the  model 141 combustor a t  a i r  flow rates typ ica l  
of current prac t ice  and 69 percent above current  design prac t ice .  A t  
these t e s t  conditions T i  = 268' F, simulating 
operation of t he  combustor i n  the  reference engine a t  56,000 f e e t  and 
85 percent r a t ed  speed), no detrimental  e f f e c t  on combustion e f f ic iency  
w a s  noted over most of t he  range of f u e l - a i r  r a t i o s  as a r e s u l t  of 
increasing the a i r  flow r a t e .  
( P i  = 15 in .  Hg and 
The data of f igu re  18, showing no marked e f f e c t  on combustion e f f i -  
ciency due t o  an increase i n  a i r  flow rate (ve loc i ty)  of 69 percent, a re  
not  i n  accord with the  cor re la t ion  of f igu re  16. For t h i s  increase i n  
velocity of 69 percent, f i gu re  16 ind ica tes  t h a t  a decrease i n  combustion 
eff ic iency of 5 percent should occur. Since t h i s  decrease d id  not occur, 
t he  da ta  point  f o r  t e s t  condition E i n  f igu re  16 f a l l s  about 5 percent 
above the  curve. This discrepancy indica tes  t h a t  t he  parameter Vr/piTi 
does not properly allow f o r  t h e  e f f e c t  of ve loc i ty  on t h i s  pa r t i cu la r  
combustor. 
Combustor-Outlet Temperature P ro f i l e s  
Figure 19 shows typ ica l  d i s t r ibu t ions  of temperatures a t  the  com- 
bustor o u t l e t  f o r  t he  node1 141 and 151 combustors. The r a d i a l  d i s t r i -  
bution of temperatures with the  model 141 combustor ( f i g .  19 (a ) )  w a s  
much l e s s  uniform than the  values obtained i n  reference 1; a curve f o r  
t he  model 13A combustor from reference 1 is included i n  f igu re  19(a)  f o r  
comparison. The model 141 combustor employed the  same secondary zone 
m m  .em .om m m m  m m m m  m m m  . m o m  m m m  
o o m m o  m m  m o  0 .  m o  m m  
m o  om 
e me o o  m m m  m m m  
0 m m  m o  
m m m m m  
m m m  emom m o  m m  
m m m  m m o  mom m m m m  m m m  
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a i r -en t ry  hole pa t t e rn  as did the  model 13A combustor, and reference 1 
pointed out t h a t  the  o u t l e t  temperature prof i le  w a s  determined pr imari ly  
by the  arrangement of secondary air-entry holes i n  t h i s  combustor. The 
difference i n  temperature p ro f i l e s  noted for  these two combustors i s  
therefore  believed t o  be caused primarily by the  warping of t h e  combus- 
t o r  l i ne r ,  which occurred gradually throughouk the  t,est 2 r o g r m  
reported herein.  
The o u t l e t  temperature p ro f i i e s  obtained. wi.t.h mnde1 141 c m 5 u s t o r  
were not considered sa t i s fac tory ,  s ince they deviate  markedly from t h e  
desired temperature d i s t r ibu t ion  indicated by the  dashed l i n e  i n  f i g -  
combustor ( f i g .  1 9 ( b ) )  a l s o  deviates widely from the  desired pa t t e rn  
of temperatures; no attempt was made i n  t h e  invest igat ion reported 
herein t o  remedy t h i s  temperature p ro f i l e  by combustor design changes. 
_.-- ut:- ;9(a]. 2ie  temperature d i s t r ibu t ion  obtained with t h e  model 151 
Pressure Losses 
TILm &-I- 
Lllc bubd-pressure drop t'nrough the  combustors a t  t es t  condition C 
f o r  a range of densi ty  r a t i o s  (corresponding t o  a range of f u e l - a i r  
r a t i o s )  i s  presented i n  f igure  20. 
through t h e  model 13 and model 14 combustors w a s  t h e  same as t h a t  
reported i n  reference 1 f o r  the  model 13 conibustor, a s ingle  curve from 
reference 1 i s  included i n  f igure  20 t o  represent t h e  pressure drop 
through these  combustors. Experimental data are shown for the  model 151 
combustor. This combustor w a s  designed for low pressure drop, and f i g -  
ure 20 shows t h a t  t he  pressure drop through the  model 151 coIIlbustor w a s  
only 60 percent  of t h e  value f o r  models 13 and 14. The pressure loss  
through t h e  model 151 conibustor compares favorably with t h e  values 
obtained i n  many of t he  current production model combustors. 
Since the  measured pressure drop 
The lower pressure drop of the model 151 coz5ustor w a s  achieved by 
desLgnirLg t h e  l i n e r  so t h a t  the wails did  not diverge as i n  previous 
models. 
l i n e r  and en ter ing  the  l i n e r  through t h e  large secondary a i r - en t ry  holes. 
It had been noted i n  appendix A of reference 1 t h a t  t he  high pressure 
drop of t h e  previous combustor models w a s  probably due t o  the  flow 
r e s t r i c t i o n  imposed on the  secondary a i r  i n  the  flow passages outside 
the  l i n e r .  The low pressure drop of  t h e  model 151 combustor serves t o  
confirm t h i s  hypothesis. 
This allowed a greater  flow area for t h e  air passing around the  
SUMMARY OF RESULTS 
An inves t iga t ion  w a s  conducted i n  an annular tu rboje t  combustor t o  
improve combustion performance a t  low pressures and a high a i r  flow r a t e .  
The design of f u e l  in jec tors ,  l i n e r  a i r  openings, and l i n e r  geometries 
was a l t e r ed .  The combustion e f f i c i enc ie s  quoted i n  t h i s  sect ion of t he  
report  have been corrected f o r  mass flow d i s t r ibu t ion  a t  t h e  combustor 
ou t le t .  
operation of t he  combustor i n  a t y p i c a l  5.2 pressure r a t i o  tu rbo je t  
engine a t  a f l i g h t  Mach number of 0.6. 
obtained : 
The values quoted f o r  simulated f l i g h t  performance refer t o  
The following r e s u l t s  were 
1. The combustor giving highest  combustion e f f i c i enc ie s  (model 141) 
produced e f f i c i enc ie s  above 98 percent a t  a l t i t u d e s  up t o  61,000 feet  a t  
cruise (85 percent ra ted)  engine speed. A t  conditions simulating c ru ise  
a t  56,000 f ee t ,  no marked e f f e c t  on performance r e su l t ed  from increasing 
the  a i r  flow rate t o  a value 69 percent above current  design prac t ice .  
However, t h i s  combustor produced an unsat isfactory radial  d i s t r i b u t i o n  
of conibustor-outlet temperatures, and the  pressure l o s s  w a s  twice as 
great as t h e  value encountered with many current  production model 
combustors. 
2 .  The combustor designed t o  produce low pressure drop (model 151) 
gave a combustor pressure loss  only 60 percent as grea t  as t h a t  obtained 
w i t h  t he  model 1 4 1  combustor. However, t he  combustion e f f i c i enc ie s  of 
t h i s  combustor were considerably lower than those obtained w i t h  model 141. 
The data ind ica te  t h a t  t he  model 151 combustor requi res  modification t o  
increase the  amount of air enter ing t h e  primary zone of the  combustor i n  
order t o  improve combustion e f f i c i enc ie s  above the  values reported herein.  
3. A comparison of the  combustion e f f ic ienc ies  obtained a t  operating 
conditions simulating c ru ise  a t  80,000 feet  with d i f f e ren t  combustors 
shows improvements obtained as a r e s u l t  of changing various design fea- 
tures  as follows: 
(a) Increase i n  conibustion e f f ic iency  of approximately 22 per-  
cent by changing from l iqu id  t o  vapor f u e l  i n j ec t ion  i n  
a cornbustor (model 13A) which had been developed f o r  
l i qu id  f u e l  
(b)  Additional increase i n  e f f ic iency  of 5 percent by changing 
the  f u e l  i n j ec to r s  so t h a t  they were b e t t e r  adapted f o r  
handling vapor f u e l  (model 131) 
( c )  Additional increase i n  e f f ic iency  of 5 percent by changing 
the  l i n e r  air-ehtry holes so t h a t  they were better adapted 
f o r  vapor f u e l  (model 141) 
e 0 .  . C .  . ......................... ........ . e .  . 0 .  0 .  0 .  ...... . . . . . . . . . . . . . . . .  - - -  . 0 .  . . 0 . .  0 .  0 .  . . . .  ........ .......... NACA RM E53B04 13 
The over -a l l  r e s u l t  of these modifications was t o  increase the  combus- 
t i o n  e f f ic iency  from 54 percent t o  86 percent a t  t h i s  t e s t  condition. 
Lewis  Flight, Propulsion Laboratory 
Cleveland, Ohio 
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APPEXDIX - COMETJSTION EFFIClENCIES OF COMBUSTOR MODELS 13 AM) 14 
WITH VARIOUS FUEL INJECTORS 
The combustion e f f ic ienc ies  cbtained with the  model 13 and model 14 
combustors with various f u e l  in jec tors  a r e  presented i n  f igu res  2 1  and 
22, respect ively.  The curves from f i g u r e  21  f o r  t es t  condition C were 
compared i n  f igu re  12 where model 131 was shown t o  provide the  highest  
e f f ic ienc ies  over most of the  f u e l - a i r  r a t i o  range. Comparing t h e  e f f i -  
ciencies of these combustors a t  other  t e s t  conditions leads t o  the  same 
conclusion; namely, combustor model 131 i s  equal t o  o r  b e t t e r  than the  
various other  combustors of f igu re  21. 
It was shown with combustor model 13 ( f i g s .  2 l ( e )  and Z l ( f ) )  t h a t  
combustion e f f ic iency  increased as t h e  f u e l  i n j ec to r  o r i f i c e  diameter 
w a s  increased f o r  the  three  o r i f i c e  sizes invest igated.  It therefore  
appeared possible  t h a t  a fu r the r  increase i n  f u e l  o r i f i c e  s i z e  might 
result i n  fu r the r  gains i n  eff ic iency.  This p o s s i b i l i t y  was inves t i -  
gated by  using la rger  o r i f i c e s  i n  the  model 14 combustor (model 14K). 
The r e su l t s  a r e  shown i n  f igu re  22, where the  e f f i c i enc ie s  of t he  
model 14K combustor a r e  compared with those of model 141. The com- 
parison indicates  t h a t  a fu r the r  increase i n  f u e l  o r i f i c e  s i z e  was not 
beneficial  . 
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TABLE I.  - SUMMLqY OF CONFIGURATIONS INVESTIGATED 
m b e r  
f f u e l  




_ _  i n  
~~ 
10 
~~ ~ ~ 
5 






h - __ 
)escr ip t ion  of i n j e c t o r s  
30 gal/hr, 60' svjirl- 
type pressure atomizers; 
i d e n t i c a l  t o  model 13 
c c - h - s t o r  repor ted  i n  
r e i .  i 
~ ~ 
Each i n j e c t  o r  c o m  is  t e d  
of a 0.01-in. wide s l o t  
designed t o  produce a 
fan-shaped j e t  of vapor 
f u e l .  I n j e c t o r s  were 
or ien ted  s o  t h a t  vapor 
fans  were i n  planes 
passing r a d i a l l y  through 
center  of combustor. 
I n f e c t s ?  similir i?. 
design t o  those of 
model 13B except s l o t  
width was increased 
and shape of s l o t  
was changed. 
Fan i n j e c t o r s  i d e n t i c a l  
t o  those used i n  model 
1 3 C  and extended f a n  
I n j e c t o r s  t h a t  i n j e c t e d  
f u e l  a t  a p o i n t  approxl- 
mately If. i n .  downstream 2 
Fan i n j e c t o r s  I d e n t i c a l  
t u  L h o ~ e  used i n  model 
13C 
I n j e c t o r s  were used 
with two s l o t s  or iented 
t o  produce a fan-shaped 
j e t  of vapor i n  planes 
a t  r i g h t  angles  t o  main 
ax is  of combustor. 
I n j e c t o r s  similar t o  
those used i n  model 
13F, except f u e l  i n j e c -  
t i o n  s l o t s  were loca ted  
c l o s e r  t o  upstream end 
o f  combustor. 
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e s c r l p t l o n  of i n j e c t o r s  
~ ~~~~ 
Cnjectors consis ted of 
4 simple sharp-edge 
r l f i c e  5/64 i n .  I n  
Siameter. 
~~ ~~ 
Cnjectors consis ted of 
i simple sharp-edge 
x - l f l c e  7/64 I n .  I n  
i lameter .  
In jec tors  similar t o  
those used I n  model 
131, except s w l r l  
senera tors  were added 
l n  the  i n j e c t o r s  t o  
3ive i n j e c t o r  similar 
t o  s tandard s w l r l -  
type l i q u i d  atomizer. 
:njectors  i d e n t i c a l  t o  
,hose used i n  model 131 
~~ __  ~ -~ 
CnJectors consis ted of 
i simple sharp-edge 
w i f l c e  1/8 in. i n  
l lameter  . 
Cnjectors i d e n t i c a l  t o  
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TE!xi7 TABLE 11. - EXPERIMENTAL RESULTS 
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I I I 
drop eter, 
through V /PIT 
combus- ft, lb 









































































































80.6 I 41.6 .0137 
80.0 47.7 .0159 
80.5 ~ 58.6 ~ .0195 
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pressure, 
PI 
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-isKs7 TABLE 11. - EXPERIMENTAL RESULTS - Continued 
in ICombustor-1 Combustor-I Air flow 
uni t s  
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TABLE 11. - EXPERIMENTAL RESULTS - Continued - 
Mean Combus- Total- Combus- 
temper- t ion  pres-  t ion  
ature e f f i -  sure Daram- 
Wn Combustor- 
i n l e t  
tota l  
pressure, 
P i  
in .  Hg 
. Combustor- Air flow 
i n l e t  rate ,  
I tota l  I wa Combustor Fuel Fuel- reference flow air  combus- 
out le t  
temper. 
ature, 
velocity, rate ,  rat io ,  































































































































































































145.1 83.0 .0087 
145.0 1 93.5 1 .0098 
145.0 108.6 .0114 
3.596 







143.2 1123.9 I .0131 ~ ~~ 1;3.3 I _ _ _  - I . ,is;:< , . . ' V i % %  
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89.1 ----  84.7 ---- 1690 727 730 699 7 29 700 
7011 5 . 0 7  
7021 8.0 I 735 
----- 10.21 I-------I 0.523 1 0.717 















R0.7 I 23.9 1 .0128 -.  . 
81.0 28.9 .0154 
80.7 I 36.1 ~ .0192 
80.7 45.2 .0241 
1570 1 841 
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80.4 14.6 0.0078 
81.5 21.5 .01 4 
81.1 25.2 .0133 
81.5 28.5 .0151 
81.0 32.0 .0170 
80.6 39.5 ,0210 
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TABLE 11. - EXPERIMENTAL RESULTS - Concluded - C y  __ 
Fuel 
flow 
ra t e .  
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Fuel- Mean Mean Combus- T o t a l  
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sec, 
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727 
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- --- -- -- 
96.2 I .70 
91.7 .73 
736 727 
737 7 24 
738 725 
739 725 
740 31.6 726 
741 31.6 72Q 
742 31.8 719 
7431 45.7 718 
1.133 79.9 
1.135 79.7 
1.135 79.8 I 
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,757 7 28 
,758 7 26 
759 729 
,754 
.711  80.1 
.711  1 80.4 .714 80.9 .711 80.3 17.5 .0093 20.2 .0108 23.7 .0126 27.7 .0148 



























































































































































































































aPlus add1 ti onal primary air. 
bOutlet pressure rakes i n s t a l l e d .  
. 0 .  . 0 .  . ......................... ........ e 0 .  . 0 .  0 .  0 .  ...... . . . . . . . . . . . . . . . . .  .  . .  _. . . _  . 0 .  0 .  . 0 . .  0 .  0 .  . . . .  ....... .......... NACA RM E53B04 21 
......................... . 0 .  . 0 .  . 
0 .  e .  0 .  . 0 .  ' . ....... . . . . . . . . . . . . . . . .  . ...... 
@ Thermocouple 
0 Total-pressure rake 
JLStatic-pressure orifice 
Stream-static probe 
(a) Inlet thermocouple (iron constantan),inlet total-preseure rakes, 
and stream static probe in plane at section 1. 
( b )  Outlet thermocouples (chromel-alumel) in plane at station 2. 
Figure 2. - Locations of instrumentation. 
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Figure 6. - One-quarter sector  of model 14 annular combustor showing 
air  ent.ry and rad ia t ion  shield modification. 
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Section A-A 
Figure 8. - Dual fuel manifold for one-quarter sector combustor. 
(a )  Standard injector.  
(c )  m h r g e d  a x i a l  fan  injector.  
(e) Radial f a n  injector.  
(b) Axial f a n  injector.  
(d) Extended axial f a n  injector.  
( f )  Shorter radial  fan inJector.  
C D - 2 9 9 2  
(g) Sharp-edge or i f ice  injector.  
(h) Sharp-edge or i f ice  injector w i t h  swirl. 
I Figure 9. - Cross-sectional view of f u e l  injectors.  
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F igure  11. - Reproducibi l i ty  of combustor-outlet temperature p r o f i l e  
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Fuel-air  r a t i o  
F igure  18. - Combustion e f f ic iency  of model 14:I combustor a t  two a i r  
flow r a t e s .  
Hub 
Model T e s t  
condl t Ion 
A 141 C 
V 141 E 
A 13A c (data from 
ref .  1) 
- - - Desired temperature 
profile 
2 3 
Distance along turbine blade, in. 
(a) Madele 141 and 13A. 
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